A dark sector containing a Higgs field and a dark photon coupled to visible photons via a small kinetic mixing is considered. The mass of the dark gauge boson becomes rescaled by the parameter involved in the kinetic mixing. We also calculate the total annihilation cross section for scalar Higgs interacting with an external field and show that exhibits Sommerfeld enhancement. The model can be extended to a SU (3) × SU (2) × U (1) dark sector. The mass of the dark Z boson increases due to the kinetic mixing.
INTRODUCTION
Since the seventies it has been observed that the gamma ray spectrum coming from the galactic center possesses a 511 keV emission line consistent with a copious annihilation of electron-positron pairs [1] [2] [3] [4] [5] [6] [7] [8] [9] . Nonetheless, the calculated rate of ∼ 10 42 annihilations per second exceeds in several order of magnitude the creation rate of electronpositron pairs from the interaction of cosmic rays with the interstellar medium. This and other anomalies in the cosmic ray observations (see [10] for a summary) could be naturally explained by assuming that the overabundance of matter-antimatter pairs is due to an (Sommerfeld) enhancement of the total cross section of dark matter annihilation. This opens a possibility for new physics in order to address the question of how ordinary and dark matter interact to produce this enhancement.
Several routes have been proposed to explain this puzzle (see e.g. [10] , [11] or [12] for recent references), although the most popular approaches to dark matter are WIMPS's and new interactions beyond the standard model [13] .
In this paper we propose a simple model containing a hidden sector composed of a dark Higgs field and a dark photon coupled with visible photons through a small kinetic mixing [14] . In the first section, we show that this interaction is enough to produce an enhancement of electromagnetic processes in the dark sector. In the second part, we analyze the consequences of kinetic mixing in an extended dark model
, where U Y (1) is the visible hypercharge. The mass of the dark vector boson Z turns out to be bigger than the usual Z.
I. A TOY MODEL
This first part is devoted to the problem of determining the total annihilation cross section for a Higgs model coupled to dark photons, explicitly showing the enhancement. For concreteness, let us start considering the following model
where L Dark is a scalar electrodynamics-like Lagrangian for the hidden sector
where A µ and φ are dark fields and D µ (A) = ∂ µ − iA µ . Now suppose that at some energy scale an interaction with the visible photon appears. The Lagrangian L I is then given by
where B µ is the visible photon, F µν (A)F µν (B) is the kinetic mixing and γ is a small dimensionless coefficient [15] . The quantum theory is described by the integral
where [DA µ DB µ ] is a compact notation that includes the gauge fixing and the Faddev-Popov determinant.
In order to obtain a mixture of visible and dark coupling constant, it is convenient to perform the change of variables
but paying the price of redefining the electric charge e A by the effective chargeẽ, i.e.
The path integral becomes
where the B µ field have been absorbed in the normalization constant N , leaving the effective action as
which is a Higgs model with a nontrivial rescaling of the electric charge. Furthermore, we can hide the chargeẽ by redefining the potential A µ as
so that the effective Lagrangian (9) becomes
where the redefined covariant derivative is
Therefore, a first conclusion is that the kinetic mixing with the visible photon is equivalent to shield the electric charge e A . The effective model is just an abelian Higgs model with the coupling constantẽ instead of e. This conclusion is valid not only for the Higgs field. Any other particle in the dark sector coupled to the dark photon would have its charge redefined in the same way. Now we can perform spontaneous symmetry breaking. Using the Kibble parametrization, the scalar field can be written as
where v is the minimum of the potential, i.e.
and h and ξ are the Higgs and Goldstone bosons. Inserting (12) in (11) we obtain
Choosing the U-gauge, the last term in (14) vanishes, therefore
from where we see that
is the dark photon mass 2 . Already at this level we see that the effect of kinetic mixing not only amplifies the coupling constant but also the gauge boson mass. The same will happen when considering a more realistic model, where the dark Z boson will have a rescaled mass.
Since the model under consideration has a redefined coupling constant, the cross section of any process involving this coupling must have an enhancement. To make this fact explicit, let us calculate the total cross section of a simple process. For example, consider FIG. 1, 
FIG. 1. Higgs interacting with an external massive vector field.
which is described by the termẽ
where A µ A µ is considered -as a simple application-an external field. The S-matrix elements are
with V is a normalization volume and the product A µ (x)A ν (x) is a convolution integral in the Fourier space, i.e.
where q = p f − p i is the transferred momentum.
As the external field is massive, it can be expressed as
where α is the source charge generating the external field. For simplicity, α will be normalized to 1. Using these results, < f |S|i > is
In order to compute (20) we use a Feynman parameterization and we get
The differential cross section is given by
where j in = v i /V is the incoming current and T is a time normalization parameter [16] . Collecting everything we get
where the term between |...| 2 is just the scattering amplitude and |p| = |p f | = |p i |. The calculation of the total annihilation cross section is most easily done by using the optical theorem, namely
and with the help of the identity
the total cross section becomes
which shows the Sommerfeld enhancement at low energies for this particular process. As mentioned above, although this calculation was made for a particular interaction, FIG. 1 , it is clear that any other electromagnetic process in the dark sector will have an enhanced cross section since it will depend on the rescaled electric charge. Accordingly, the conclusion that the coupling to the visible photon induces an enhancement in the interactions is also true for more complicated processes.
To higher orders -i.g., n-th order-the total cross section should be proportional to (1−(γe B e A ) 2 ) −n/2 and therefore negligibly small in comparison to the tree level processes.
In order to extend these results to the case SU (3) × SU (2) × U Y (1), one proceed as follows; first, we consider the dark non abelian fields G µ = G a µ λ a and A µ = A a µ τ α , where λ a and τ α are the generators of SU (3) and SU (2) respectively, while the dark abelian field will be denoted by B µ .
Following the above ideas, the non abelian fields will remain untouched, but the abelian field dynamics will be modified by extending the gauge group to
, where U Y (1) is associated to the visible photon B µ . Accordingly, consider the Lagrangian
where L matter denotes all matter fields in the dark sector, including a dark Higgs field and their interactions with the gauge fields.
We are now interested in the gauge sector. Similarly to the above model, we include the visible field B µ , coupled to B µ through a kinetic mixing. The Lagrangian gets diagonalized
where the coupling constant g gets redefined
and theB µ field is defined asB
From the path integral formulation, the fieldB is decoupled from the dynamics of the other fields and the only relic of the kinetic mixing emerges from the rescaled coupling (29). By redefining B µ in (28) as
the covariant derivative turns out to be
and therefore the dark sector becomes SU (3) × SU (2) × U (1) with an effective hypercharge. We can now follow the lines of the Higgs mechanism in the usual way. The mass of the dark Z boson gets rescaled as
as opposite to the masses of the W which remains unchanged. Note that M Z > M Z . As a final remark, due to the redefinition of the Z mass, the Fermi coupling constant G F also gets rescaled. Since g, the coupling constant of the weak sector, does not change, G F gets redefined
This agrees with some phenomenological considerations [17] .
